For a heavy Higgs boson above the tt threshold we consider three decay modes that could compete with decay to tt, even in the alignment limit of a 2-Higgs doublet model. The decays H → AZ, Z ′ Z ′ and τ ′ τ ′ show that heavy Higgs decays can be an effective probe of new physics both within and beyond this model.
A heavy Higgs H may quite likely decay predominantly into tt when its mass is above this threshold, and this decay faces a daunting tt background. If the properties of the 125 GeV Higgs boson h continue to converge to standard model expectations then it is less likely that some other decay modes of H will be able to compete with the tt decay mode. This is because the suppression of these other decay modes is correlated with the standardmodel-like properties of h in the alignment limit of a 2-Higgs doublet model. The suppressed decay modes are H → W W , ZZ, hh and A → Zh where H and A are CP even and odd.
In this study we consider three decays that are not suppressed in the alignment limit.
• H → AZ → bbℓ
The first is a standard decay within the 2-Higgs doublet model, while the other two show how heavy Higgs decay may serve as a discovery channel for new particles. The Z ′ we consider does not couple to the first two families and so other production modes are suppressed. The τ ′ is a new heavy lepton with weak decays and is otherwise only weakly produced. We assume the intermediate particles are on shell. For H → AZ this requires a suitably large mass splitting between H and A. This splitting is determined by a certain combination of quartic couplings that survives in the alignment limit. In addition this splitting survives a SU (2) L × SU (2) R symmetry limit of the Higgs potential, unlike the mass splitting between H and H ± . As described in [1] there is some preference for the relations
As yet there has been no dedicated searches for any of these decay modes. In the first two cases we shall consider limits that can be set from the 13 TeV Run 2 at the LHC, and we describe cut based analyses that quite significantly increase these signals relative to background. The third case gives rise to a variety of multi-lepton final states such that strong limits can already be set with searches conducted in Run 1.
For the first two searches it will be important to realistically model b-tagging and τ -tagging efficiencies in the detector simulation. We shall use delphes 3 [2] in two different ways for comparison purposes. checkmate 1.1.13 [3] 1 uses a modified version of delphes 3.0.10 that incorporates a set of efficiencies and other settings to more realistically model the atlas detector. The btagging model is specified by a b-tag efficiency that we take to be 70%. For τ -tagging we choose the 'medium' efficiency model along with a unit charge requirement. We then carry out our cut-based analysis within the checkmate framework. We note that checkmate has been validated against quite a large and growing number of analyses, many of which involve b-tagging and at least one where τ -tagging plays an essential role. Thus the results we obtain from it can be considered fairly realistic.
Our second use of delphes is based on stand-alone delphes 3.1.2. We use the latest default atlas detector card which includes a modeling of the jet energy scale. We also incorporate the efficiency for b-tag, c-jets and light jets that was used in a madanalysis 5 [4, 5] implementation and validation [6] of a certain atlas analysis. On the other hand τ -tagging is more crudely implemented by stand-alone delphes and we adopt the default 40% constant efficiency. Then on the resulting delphes root file we use madanalysis 5 to apply the same cut based analysis as before.
H → AZ
We choose M H = 500 GeV and M A = 300 GeV as our benchmark point. These masses are larger than an analysis of H → AZ in [7] , and we choose to work in the alignment limit of a 2HDM. The couplings of H and A to t and b are model dependent and could be larger or smaller than the corresponding h couplings. For our benchmark point we set these H and A couplings to be the same as those for h. In this case, since the HAZ coupling is well determined, we have BR(H → AZ)/BR(H → tt) ≈ 0.7 and BR(A → bb)/BR(A → gg) ≈ 0.9. Other competing decay modes can be small in the alignment limit and by ignoring them we obtain the values of BR(H → AZ) and BR(A → bb) used in the following. We note that if M A is decreased then both of these branching ratios increase.
We use the feynrules [8] 2HDM model in [9] (in the alignment limit) interfaced with herwig++ 2.7.1 [10] to generate the showered and decayed signal events. Heavy Higgs production proceeds through gg → H and gg → Hg. Our event selection is a follows. Jets, including b-tags and τ -tags, are required to have p T > 20 GeV and |η| < 2.5. Muons (electrons) are required to have p T > 20 GeV and |η| < 2.4 (2.47). For lepton isolation we require the p T sum of tracks within a cone of 0.3 to be less than 0.16 of the lepton p T . We also implement some standard overlap removals involving lepton pairs or lepton-jet pairs. We then apply the following sequence of cuts.
2 b-jets
The dominant backgrounds are from tt and bbZ production. We use madgraph5 amc@nlo [11] to generate events for these processes at NLO which are then passed through herwig++ for showering and decay. The mc@nlo method produces events with negative weight and we account for this in the analysis.
The cut flows in Table I show that the cuts effectively suppress the tt background. For the production cross sections we take σ(H) = 7.6 pb, σ(tt) = 685 pb and σ(bbZ) = 87 pb. The first is twice the LO value for H +Hg production (to model higher order contributions) while the latter two are the NLO values. After incorporating the branching ratios as well we arrive at the numbers of the last row. TeV, comparing checkmate and delphes. ℓ = e or µ.
This decay can result if the standard heavy Higgs H mixes with another scalar that is responsible for the mass of a Z ′ . We assume that the Z ′ is hidden with respect to the first two families, so that up to the fermion mass mixings it couples only to the third family. Then the relative size of its coupling to b and τ is important. For example if the Z ′ coupling to τ is 3 times its coupling to b then We use a modification of the feynrules model in [12] interfaced with herwig++ to generate the showered and decayed events. Our event selection is based on the same definitions of jets and isolated leptons as before. To reconstruct the Z ′ mass from the two τ 's we utilize the τ -tagged jets as well as the leptons from the leptonic τ decays. The τ 's are sufficiently boosted to assume that the visible and invisible decay products are collinear, and this allows the fractions x i of the two momenta that is visible to be determined. If this determination yields 0 < x i < 1 then we say that τ τ is successfully reconstructed.
We apply the following sequence of cuts, with units in GeV.
1. at least 2 leptons and/or τ -tags (leading two are used)
2. at least 2 b-jets (leading two are used)
Cuts 5 and 6 account for a downward shift in the observed M (bb) due to E / T from b decays. We generate the dominant tt background as before. Other backgrounds where τ τ comes from a Z are suppressed by the M (τ τ ) > 130 GeV cut. TeV, comparing checkmate and delphes. The signal event numbers for 100 fb
T we let ℓ denote e, µ, or τ .
Here we discuss how a heavy Higgs can provide strong constraints on new heavy leptons to which it couples. An example of a heavy Higgs with this decay was discussed in the context of a sequential fourth family [1] . We thus focus on a new doublet of leptons ν ′ , τ ′ that have standard weak decay modes. The H → τ ′ τ ′ decay may compete with the tt decay because the τ ′ mass may be of the same order as the top mass, and as shown in [1] , the actual coupling ratio may deviate significantly from the mass ratio. We shall ignore the possible H → ν ′ ν ′ decay in this study.
In [13] we placed limits on the allowed ν ′ and τ ′ mass combinations from production via W ,Z,γ only. Here we consider Higgs production as well for mass combinations that are not already excluded there. As in [13] our further limits will be obtained by recasting certain analyses based on 8 TeV data.
The final state from the heavy lepton decays will be strongly affected by the CKM mixing between the third and fourth family leptons and by the relative size of the τ ′ and ν ′ masses. The mixing could be quite large (∼ 0.1) or it could be very small. We shall consider two cases which effectively maximize or minimize the possible numbers of light leptons in the final state.
In case A we consider very small mixing and m τ ′ > m ν ′ + 40 GeV. This results in τ ′ → ν ′ W (not necessarily on-shell) and ν ′ → τ W and thus the following processes.
Here we shall find that the four or more lepton final states provide quite stringent constraints on the H production cross section times heavy lepton branching ratio.
In case B we consider a mixing of 0.1 and m τ ′ < m ν ′ + 50 GeV. Here the branching fraction for τ ′ → ν ′ W is no more than 10%. Then the dominant decays are τ ′ → ν τ W and ν ′ → τ W , giving the following processes.
are also included when they contribute. For case B we shall focus on the two lepton final states. The constraints will clearly be much weaker than case A and in fact these processes could have cross sections in the 2-4 pb range.
We use a feynrules model interfaced with herwig++ 2.7 to generate the showered and decayed events. We use delphes and madanalysis 5 to implement (recast) the experimental analyses of interest (in case A we follow the method described in [13] ). We set limits on the product αB where B is the branching ratio for H → τ ′ τ ′ and α is the size of the gg → H cross section relative to the one predicted for an H with a SM-Higgs coupling to tt. These latter cross sections are obtained from [14] .
Case A
We find that the most sensitive search is the atlas search for four or more leptons and missing energy with 20.7 fb −1 [15] . We utilize all three "off Z" signal regions to set limits, since the efficiency times acceptance varies depending on the H and heavy lepton masses. We include all the processes that we have listed for case A. The resulting 95% CL constraints on αB are shown in Figure 1 . The τ ′ and ν ′ mass combinations we consider are not excluded by [13] with the exception of the point m ν ′ = 160 GeV and m τ ′ = 280 GeV; for this point we set αB = 0. These limits on αB are strong even for very massive H. The search has small backgrounds with no excess observed above the SM. The limits on the total number of allowed events in the three channels are 4.7 in SR0noZa, 3.7 in SR0noZb, and 7.5 in SR1noZ. For the mass combinations we consider the number of events from production via W ,Z,γ in these three regions are 1.3-4.6, 1.2-3.6, and 2.9-7.2 respectively. For example an 800 GeV Higgs with standard couplings has a production cross section of 110 fb while the total W ,Z,γ production cross section for m ν ′ = 240 GeV and m τ ′ = 320 GeV is 42 fb. The H initiated process also has an efficiency times acceptance times branching ratio to four leptons roughly twice that of the W ,Z,γ process. In this example the strongest limit is in the SR1noZ channel where W ,Z,γ production results in 5 events; after accounting for error in event generation we obtain αB < 0.14.
Case B
The ℓ Next we consider the extent to which the production of heavy leptons could affect the measurement of the W W production cross section. We thus compare our signal with the cms 8 TeV measurement with 3.5 fb −1 [17] [19, 20] . In this case rather than comparing to a 95% CL signal limit, we shall simply compare our signal strength directly to the size of the excesses.
We implement the cuts in madanalysis 5 with the following exception. atlas considers two types of missing energy, track and calorimeter based respectively, and then implements a cut on the angle between the two. We simply apply the observed effect of this cut in the atlas cut flow to our signal cut flow. We also check our signal results by modeling the standard model W W production using herwig++ scaled to the expected cross section. We note that H → τ ′ τ ′ produces a larger high energy tail in the lepton p T distribution, at least for some mass combinations, and this could in the future provide a way of distinguishing the signal from that of W W production.
For both cases A and B we can expect updates from Run 2 of the searches that we have used from Run 1, and it will be straightforward to recast these new results to further constrain heavy Higgs and new leptons.
